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Abstract

Transcription factors (TFs) are ubiquitously distributed in plants and play pivotal roles in
regulating plant growth and development. The present study aims to elucidate the function
of transcription factors (TFs) in highland barley’s response to selenium stress. The results
show that 89, 218, 141, 92, 23, and 34 genes were identified from the bHLH, MYB, NAC,
WRKY, GATA, and HSF families, respectively. We analyzed the physicochemical properties
of the transcription factor family, including amino acid number and molecular weight,
theoretical PI, instability index, hydrophilicity index, and subcellular location. The majority
of proteins encoded by these gene families are hydrophilic and predominantly localized
in the nucleus. Structural analysis demonstrates that each family contains conserved mo-
tifs and domains. Most bHLH genes, such as KAE8811666.1 and KAE8789390.1, contain
bHLH_SF superfamily domains. 45 MYB genes possess the myb_SHAQKYF domain. Most
NAC genes possess typical NAM domains. Most WRKY proteins showed the WRKY
superfamily domain. The 22 members of GATA possess the ZnF_GATA domain. HSF
gene family showed that 24 gene family members contained HSF domains. Systematic
evolutionary analysis indicates that the bHLH and NAC families can each be divided
into nine subfamilies, while the remaining four families are categorized into five to eight
subfamilies, respectively. Based on transcriptome data, under low selenium treatment,
56.25%, 76%, 67.39%, 47.37%, 50%, and 56.25% of the genes belonging to the bHLH, MYB,
NAC, WRKY, GATA, and HSF transcription factor families were significantly upregulated,
respectively. In contrast, under high selenium treatment, the proportions of upregulated
genes in these families were 81.25%, 80%, 65.22%, 63.16%, 75%, and 75%, respectively. Ad-
ditionally, qRT-PCR results were consistent with the trends of the transcriptome expression
data, corroborating the reliability and accuracy of the transcriptomic findings. These results
elucidate the molecular characteristics and response patterns of six transcription factor
families to selenium stress in highland barley, laying a foundation for further in-depth
research on the functions of transcription factors in highland barley plants.
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1. Introduction

Transcription factors (TFs) are a class of important regulatory factors found in eukary-
otes that regulate the expression of specific genes by interacting with cis-acting elements.
These factors help mediate the adaptation to environmental stress [1]. bHLH proteins
constitute one of the most extensive transcription factor families in plants [2]. The bHLH
transcription factors were first identified in maize [3]. Proteins belonging to the bHLH
family usually possess a conserved bHLH domain of around 60 amino acids, which is
split into two functionally distinct parts: the basic region and the helix-loop-helix (HLH)
region [4]. The basic region, which is situated close to the N-terminus, typically comprises
10-15 amino acids and functions in the recognition of specific DNA sequences [5]. The
C-terminal HLH region, spanning about 40 amino acids, is composed of two relatively con-
served a-helices linked by a loop of variable length. This region is enriched in hydrophobic
amino acids, which facilitates the formation of homodimers or heterodimers necessary for
their biological activities [6]. Studies have confirmed that the conserved domain of this
gene family has been highly conserved throughout plant evolution (dating back 400 million
years), and the family size has gradually expanded during evolution [7]. MYB transcription
factors constitute one of the most ubiquitous and functionally diverse gene families in
plants, playing crucial roles in regulating growth, development, metabolic pathways, and
stress tolerance [8]. Its core structure consists of a highly conserved MYB DNA-binding
domain, which usually contains one to four imperfect repeat units, each approximately
50-53 amino acids in length. Each repeat folds into a helix-turn-helix (HTH) conformation,
allowing MYB proteins to bind specifically to target DNA sequences and thereby modulate
the expression of downstream genes [9]. The NAC and WRKY families are among the
largest plant transcription factor families. A typical NAC protein contains a conserved
NAC domain at the N-terminus for DNA binding and nuclear localization, as well as
a variable C-terminal region with transcriptional regulatory activity [10]. As a complex
plant-specific family, NAC genes are abundantly present in many species. A large number
of NAC transcription factors have been identified in various plants, including Asparagus
officinalis L. [11], Hylocereus undatus (Haw.) Britton & Rose [12], and Zanthoxylum bungeanum
Maxim. [13]. WRKY proteins are a class of transcription factors characterized by a conserved
WRKY domain, playing significant roles as transcriptional repressors and activators [14].
The WRKY domain consists of four 3-strands and is composed of approximately 60 highly
conserved amino acid residues [15]. Both families play important roles in plant growth
and development as well as in responses to abiotic stress. The GATA family comprises
a large set of transcription factors capable of recognizing the GATA motif and binding
specifically to promoter sequences of the form (A /T)GATA(A/G) [16]. The majority of these
proteins contain one or two strongly conserved type IV zinc finger motifs, characterized by
the sequence CX;CX1720CX,C [17,18]. In plants, the GATA gene NTL1 was first isolated
from tobacco [19]. With the exploration of genomic data, an increasing number of plant
HSF gene families have been identified, such as in T. aestivum [20], H. vulgare [21], and Z.
mays [22]. HSFs possess five essential functional domains: an N-terminal DNA-binding
domain (DBD), an oligomerization domain (OD), a nuclear localization signal (NLS), a
nuclear export signal (NES), and a C-terminal activation domain (CAD) [23,24]. HSFs play
a key role in mediating plant responses to various abiotic stresses, regulating plant stress
resistance through mechanisms such as phosphorylation, ubiquitination, and hormone
signaling [25,26].

Previous studies have shown that the bHLH transcription factor family plays a sig-
nificant regulatory role in heavy metal stress [27]. MYB, NAC, WRKY, and GATA fam-
ily members can contribute to the modulation of multiple abiotic stress responses [28].
ZmbHLH105 can enhance maize tolerance to manganese stress by mediating the expression
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of manganese/iron-related transporters and regulating the reactive oxygen species (ROS)
scavenging through antioxidant mechanisms [29]. Sorghum SbbHLH85 enhances salt tol-
erance [30]. In Scutellaria baicalensis, Sb(MYB3 directly activates SbFNSII-2 transcription,
which in turn promotes the synthesis of flavonoid compounds specific to the root [31].
Increased expression of SIGATA17 improves drought tolerance in tomatoes by enhancing
the activity of the phenylpropanoid biosynthesis pathway [32]. It has been reported that
HSF expression is upregulated under abiotic stresses such as salinity and drought due to
activation by reactive oxygen species (ROS), thereby increasing antioxidant enzyme activity
to maintain ROS homeostasis within the plant [33,34]. The response to selenium stress is
not only related to selenium metabolism and oxidative homeostasis but also involves a
complex process of multiple signal transduction pathways and gene expression regulation,
enabling adaptation to various abiotic stresses such as salt stress, temperature stress, and
heavy metal stress [35]. In this process, after the stress signals are perceived and transduced,
many transcription factors are rapidly induced to be expressed, reflecting the important
role of transcription factors in both biotic and abiotic stresses [36-38]. However, few studies
have focused on the role of transcription factors in response to selenium stress. Research by
Wau et al. has shown that both the overexpression and mutation of the transcription factor
WRKY47 in Arabidopsis increased the plant’s sensitivity to selenium [39].

Highland barley (Hordeum vulgare L.) is a unique crop of the Tibetan Plateau, primarily
distributed in alpine regions above 3000 m [40]. In 2019, the production of highland
barley in its main producing areas, Tibet and Qinghai, was 792,900 tons and 444,100
tons, respectively, accounting for over 80% of the total highland barley production [41].
Highland barley exhibits strong cold tolerance, a short growth cycle, broad adaptability,
early maturity, and high yield, making it well-suited for cultivation in the cool plateau
climate [42]. Compared to other cereal crops, highland barley has better nutritional value
due to its higher protein, vitamin, and fiber content, particularly B-glucan. B-glucan
has various physiological effects, such as lowering blood sugar and fat levels, reducing
cholesterol, preventing colon cancer, and enhancing immunity [43]. As an important crop
in the Tibetan Plateau region, the cultivation industry of highland barley plays a significant
role in the local agricultural economic development, and its unique resilience formed under
harsh environmental conditions makes it a valuable material for studying the mechanisms
of crop resistance to adversity.

Existing studies have confirmed that transcription factor families such as bHLH, MYB,
NAC [44], and WRKY [45] play important roles in abiotic stress responses, but few studies
have investigated the functions and regulatory mechanisms of these transcription factors
in highland barley’s response to selenium stress. Highland barley, as a unique crop in the
Qinghai-Tibet Plateau, has its unique adaptation mechanism to selenium stress. In our
previous research, we explored the relationship between transcription factors and organic
acid metabolites in green seedlings under selenium stress. We further screened 26 differ-
entially expressed genes (DEGs) related to Na;SeO3 concentration. Based on correlation
analysis, there were six genes in the bHLH family, five in MYB, three in NAC, five in
WRKY, and three in the GATA and HSF families that showed positive correlations with
30 differential organic acid metabolites. However, there is a lack of systematic identification
and expression analysis of the above six transcription factor families in highland barley
under selenium stress. This research gap limits the in-depth understanding of the molecular
mechanism of highland barley response to selenium stress. Therefore, in this study, we
systematically analyzed the bHLH, MYB, NAC, WRKY, GATA, and HSF transcription factor
gene families in highland barley seedlings using a bioinformatics platform. Our analysis
covered multiple aspects, including the identification of gene family members, prediction
of protein physicochemical properties, analysis of conserved motifs and gene structures,
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and functional characterization of cis-acting elements in promoter regions. By integrating
transcriptome data from seedlings treated with different concentrations of NaySeO3, we
further investigated the expression patterns of these genes under selenium stress. These
results lay a solid foundation for future studies on the selenium response mechanisms
and biological functions of these transcription factor families in hulless highland barley,
and also provide theoretical support for the breeding of stress-resistant and high-quality
germplasm resources.

2. Materials and Methods
2.1. Identification of Transcription Factor Family Members

Based on the reference transcriptome data available in our research group, the hul-
less highland barley genome data was retrieved from GCA_004114815.1_Hulless_Barley_
ass.V2_genomic.fna (https://www.ncbi.nlm.nih.gov/assembly/GCA_004114815.1, ac-
cessed on 3 July 2025). We obtained the corresponding hidden Markov model (HMM) files
from the Pfam database [46] on the InterPro website, specifically for the following domains:
bHLH (PF00010), MYB (PF00249), NAC (PF02365), WRKY (PF03106), HSF (PF00447), and
GATA (PF00320). Using HMMER software(Version 3.2.1), we searched for proteins match-
ing these domain models. Subsequently, we constructed protein databases for these six
families in wheat and rice using BLAST software (https:/ /blast.ncbi.nlm.nih.gov/, accessed
on 5 July 2025). We aligned the protein sequences of hulless highland barley with those of
the wheat and rice protein families to identify all potential protein sequences and obtain can-
didate proteins. We then took the intersection of the prediction results from HMMER and
BLAST software [47]. Finally, after integrating the aforementioned results, we employed the
NCBI CD-Search online tool (https:/ /www.ncbinlm.nih.gov/Structure/cdd /wrpsb.cgi,
accessed on 8 July 2025) for domain validation [48], which yielded the candidate family
protein sequences.

2.2. Analysis of Physicochemical Properties of Transcription Factor Family Member Proteins

The physicochemical properties of the protein sequences from the six families in
highland barley seedlings were analyzed using the online ExPASy ProtParam tool [49]
(http:/ /web.expasy.org/protparam/, accessed on 11 July 2025). The predicted parameters
included the number of amino acids, relative molecular weight, theoretical isoelectric
point (pl), instability index (II), aliphatic index (Al), and grand average of hydropathicity
(GRAVY). Additionally, subcellular localization was predicted using the WoLF PSORT
software (https:/ /www.genscript.com/wolf-psort.html, accessed on 12 July 2025) [50].

2.3. Conserved Motifs, Conserved Domains, and Gene Structure Analysis of Transcription Factor
Family Genes

In this study, we used the MEME tool (https://meme-suite.org/meme/index.html,
accessed on 15 July 2025) to analyze conserved motifs, setting the number of motifs to 10
and keeping the remaining parameters at their default settings. Subsequently, we visualized
these conservative motifs using the Gene Structure View program within TBtools (v1.082).
To predict the core conserved domains of the members of the six gene families, we used
the online HMMER platform and organized the results accordingly. Finally, we utilized
the ‘Gene Structure View (advanced)’ plugin in TBtools software (v1.082) to visualize the
identified conserved motifs and domains [51,52].

2.4. Analysis of Cis-Acting Elements of Transcription Factor Family Genes

Initially, the genome annotation files and genome sequences were loaded into the
Gtf/Gff3 Sequences Extract module of TBtools. The Fasta Extract tool was used to re-
trieve the 2000 bp upstream regions of the target genes, which were then uploaded to
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the PlantCARE website (http:/ /bioinformatics.psb.ugent.be /webtools/plantcare /html/,
accessed on 5 September 2025) for cis-acting element prediction [53]. The resulting data
were visualized and analyzed with Tbtools [52].

2.5. Construction of the Evolutionary Tree of Transcription Factor Gene Family System

To analyze the evolutionary relationships of the transcription factors, this study used
the MUSCLE Wrapper module in TBtools software to perform multiple sequence alignment
of the protein sequences from the six families of highland barley seedlings and wheat.
Based on the alignment results, we used the IQ-TREE program [54] integrated in TBtools to
construct a Maximum Likelihood (ML) phylogenetic tree. Finally, the phylogenetic tree
was visualized and optimized using the Interactive Tree of Life (iTOL) online platform
(https:/ /itol.embl.de/, accessed on 11 September 2025), with color labeling to distinguish
species-specific branches and conserved subgroups [55].

2.6. Expression Patterns of Transcription Factor Family Genes in Highland Barley

This study analyzed the gene expression patterns of the six highland barley transcrip-
tion factor families using transcriptome data previously collected by our research group.
Sodium selenite treatments at three different concentrations were used: CK (control group),
T1 (0.02 g/kg), and T2 (0.2 g/kg) to assess the gene expression levels in highland barley
samples exposed to different concentrations of sodium selenite. The concentrations of
sodium selenite used in this study (T1: 0.02 g/kg, T2: 0.2 g/kg) were selected based on our
research group’s previous physiological studies on barley seedlings, which supported the
rationality of the selenium concentration settings [56]. The data on gene expression pat-
terns were sourced from the published transcriptome data under NCBI BioProject accession
number PRJNA1266111. The criteria for screening differentially expressed genes (DEGs)
were |log2FoldChange!| > 1 and a significant p-value < 0.05. The OmicShare tool was
utilized to convert the gene expression data into visual heatmaps, facilitating the analysis
of gene expression patterns.

2.7. qRT-PCR for Gene Expression Validation

To verify the reliability of the transcriptome data, quantitative reverse transcription
PCR (qRT-PCR) was performed on an iQ5 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA) using samples plated in a 96-well plate. Gene-specific primers were
designed with Primer Premier 5 software and synthesized by BGI Corporation (Beijing,
China), with EF1-a serving as the reference gene. Each qRT-PCR reaction mixture contained
6.8 uL of RNase-free water, 0.4 uL each of forward and reverse primers, 10 uL of 2x SYBR
real-time PCR premix, 0.4 uL of ROX Reference Dye II, and 2 pL of diluted cDNA. The
amplification program began with an initial denaturation at 95 °C for 5 min, followed by 40
cycles of 95 °C for 15 s and 60 °C for 30 s, and ended with a melting curve analysis. Relative
expression levels were determined using the 2724t method [57]. Three biological replicates
were included in the gqRT-PCR analysis. One-way ANOVA was performed to compare the
control and Se-treated groups using IBM SPSS Statistics 27. Multiple comparisons were
performed using the least significant difference (LSD) test for significant differences.

3. Results
3.1. Family Member Identification and Physicochemical Properties of Six Transcription Factors

Based on genomic and transcriptomic data from highland barley, we identified six
transcription factor families: bHLH, MYB, NAC, WRKY, GATA, and HSF. Through Pfam
and NCBI BLAST analyses, a total of 89 bHLH family members were identified and named
bHLH1 to bHLHS89. These proteins varied in length from 69 to 882 amino acids (aa), with
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molecular weights ranging from 8093.80 to 96,224.86 Da. Their theoretical isoelectric points
ranged from 4.68 to 11.57. Among these proteins, two were classified as stable, whereas
87 were predicted to be unstable. Based on the aliphatic index and grand average of
hydropathicity, 88 bHLH proteins were identified as hydrophilic, while one was classified
as hydrophobic. Subcellular localization predictions indicated that most bHLH proteins are
primarily localized in the nucleus, followed by chloroplasts and cytoplasm. A small number
of proteins were also predicted to localize in the peroxisome, endoplasmic reticulum, and
mitochondpria (Table S1).

A total of 218 MYB gene family members were identified and designated as MYB1
to MYB218. The number of amino acids in these proteins ranged from 72 to 1088, with
corresponding molecular weights varying from 7925.87 to 121,042.43 Da. Their theoretical
isoelectric points spanned 4.67 to 10.74, and stability analysis predicted 12 proteins to
be stable and 206 to be unstable. Based on the aliphatic index and hydrophilicity index,
all 218 MYB proteins were classified as hydrophilic. Subcellular localization predictions
indicated that most MYB proteins are primarily localized in the nucleus, followed by chloro-
plasts and the cytoplasm, with a small number found in peroxisomes and mitochondria
(Table S2).

A total of 141 NAC gene family members were identified and named NAC1 through
NAC141. Our analysis showed that these proteins contained between 92 and 863 amino
acids, with corresponding molecular weights ranging from 10,521.89 to 96,248.97 Da. The
theoretical isoelectric points varied from 4.29 to 11.69, and stability predictions classified
21 proteins as stable and 120 as unstable. Based on the grand average of hydropathicity
(GRAVY) and aliphatic index, all 141 NAC proteins were determined to be hydrophilic.
Subcellular localization predictions suggested that most NAC proteins were targeted to
the nucleus, with smaller numbers localized in chloroplasts and the cytoplasm. A limited
number of proteins were also predicted to reside in peroxisomes, the Golgi apparatus, and
mitochondria (Table S3).

Ninety-two members of the WRKY gene family were selected and designated as
WRKY1 to WRKY92. It was observed that the number of amino acids in these proteins
varied from 103 to 1376. The molecular weights ranged from 11,126.69 to 155,767.22 Da.
The theoretical isoelectric points varied between 5.1 and 10.37, with two proteins identified
as stable and ninety as unstable. Based on the fat coefficient and hydrophilicity index,
all 92 WRKY proteins are classified as hydrophilic. Predictions regarding subcellular
localization indicated that WRKY proteins are primarily localized in the nucleus, followed
by the chloroplasts and cytoplasm. A smaller number are localized in peroxisomes, the
endoplasmic reticulum, mitochondria, and cell membranes (Table 54).

A total of 23 GATA gene family members were identified and designated as GATA1
to GATA23. These proteins contained between 136 and 818 amino acids, with molecular
weights ranging from 15,101.47 to 92,854.14 Da. Their theoretical isoelectric points varied
from 4.6 to 10.08, and all 23 proteins were predicted to be unstable. Based on the aliphatic
index and hydrophilicity values, all GATA proteins were classified as hydrophilic. Subcel-
lular localization predictions suggested that GATA proteins are primarily targeted to the
nucleus, with additional localization in chloroplasts and mitochondria (Table S5).

A total of 34 heat shock factor (HSF) gene family members were identified and named
HSF1 to HSF34. These proteins contained between 96 and 569 amino acids, with molecular
weights ranging from 11,136.81 to 63,740.84 Da. The theoretical isoelectric points varied
from 4.67 to 10.39, and stability analysis classified three proteins as stable and 31 as unstable.
Based on the aliphatic index and hydrophilicity values, all 34 HSF proteins were determined
to be hydrophilic. Subcellular localization predictions suggested that most HSF proteins
were targeted to the nucleus, with smaller numbers localized in chloroplasts and the
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cytoplasm. A limited number of proteins were also predicted to reside in peroxisomes, the
Golgi apparatus, the endoplasmic reticulum, and mitochondria (Table S6).

3.2. Motif, Domain, and Gene Structure Analysis of Six Transcription Factors Members

Conserved motif analysis of highland barley bHLH proteins via the MEME tool
identified a total of 10 conserved motifs. The number of motifs within the bHLH gene family
generally ranges from 2 to 5. All bHLH protein sequences exhibit motifs 1 and 2, which
are highly conserved and distributed in tandem among all family members. Therefore,
it is speculated that motifs 1 and 2 represent conserved motifs of bHLH transcription
factors in young seedlings. Domain analysis revealed that bHLH proteins possess a diverse
range of domains, with varying numbers of bHLH_SF superfamily domains and other
different types of domains. Most bHLH genes, such as KAE§811666.1 and KAE8789390.1,
contain bHLH_SF superfamily domains. Additionally, some bHLH proteins possess one
or more other types of domains beyond the bHLH_SF superfamily domain. For instance,
KAE8784532.1 includes bHLH_AtINDS-like and PRK12727 superfamily domains, while
KAES8792645.1 features the bHLH_AtBPE-like domain (Figure 1). Visualization of the gene
structures of bHLHSs using TBtools revealed that members of the bHLH family contain 1 to
12 exons, with 7 members containing only a single exon. Notably, some bHLH genes had
longer introns, particularly bHLH7, bHLH40, and bHLHS?2 (Figure S2A).

Conserved motif analysis of highland barley MYB proteins identified a total of 10
conserved motifs. Generally, the number of motifs within the gene family ranges from 1 to
6, with 14 genes exhibiting only 1 motif. Notably, Motif 2 and Motif 5 are highly conserved
and present in tandem in most members, suggesting that these two motifs play important
roles in the evolutionary development of the MYB gene family in highland barley. Domain
analysis indicated that MYB family members have varying numbers of myb_SHAQKYF
domains, as well as other different types of domains, highlighting the diversity of MYB
protein domains. Specifically, 45 MYB genes possess the myb_SHAQKYF domain, and
the majority of members also contain the PLN03091 superfamily domain (Figure S1A).
Visualization of the gene structure of MYB using TBtools revealed that MYB genes contain
between 1 and 13 exons, with 27 members consisting of only a single exon. Additionally,
the MYB79 and MYB75 genes are characterized by longer introns (Figure S2B).

MEME motif prediction analysis of the NAC family identified 10 conserved motifs
in NAC proteins, with family members typically containing 1 to 8 motifs. Notably, Motif
1 is present in all members, suggesting that it is a crucial component in the evolutionary
development of the NAC gene family in highland barley. Furthermore, the majority
of NAC gene family members share similar motifs, indicating a potential conservation
of function among them. In the domain analysis, all members, with the exception of
KAES8799140.1, possess typical NAM domains, while certain family members have also
evolved to include conserved domains from the PRK10856 and PRK10263 superfamilies
(Figure S1B). Visualization of the gene structure of the NAC family demonstrated that all
141 NAC genes exhibit varying numbers of exons. Notably, NAC20 has the highest exon
count at 15, while 34 genes in the family are devoid of introns (Figure S2C).
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Figure 1. Phylogenetic tree, conserved motifs, and conserved domains of bHLH gene family in
highland barley.

The prediction of conserved motifs in the WRKY protein of highland barley identified
ten conserved motifs. Generally, the number of motifs in WRKY family members ranges
from 2 to 10. A total of 87 genes contain Motifs 1, 2, and 7, including KAES§789191.1,
KAE8789184.1, KAE8789195.1, KAE8813438.1, and KAE8794146.1. Motif 9 is present in
all these proteins, suggesting that they share similar functions. In the domain analysis,
all WRKY proteins, except for KAE§770869.1, which lacks the WRKY superfamily do-
main, contain a conserved WRKY domain. Additionally, KAE§805777.1, KAES771492.1,
KAE8768879.1, KAE8805525.1, KAES774851.1, KAE8815639.1, and KAES8797469.1 also con-
tain the Plant_zn_club conserved domain, indicating its significance as a component of
WRKY proteins. Some WRKY proteins possess unique conserved domains; for instance,
KAES8770369.1 contains the bZIP superfamily conserved domain, while KAES767764.1 con-
tains the COG3899 superfamily conserved domain (Figure 2). Analysis of the WRKY gene
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structures revealed that among the 92 WRKY family genes, five members lack introns,
while the remaining members have exon-intron structures (Figure S2D).
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Figure 2. Phylogenetic tree, conserved motifs, and conserved domains of WRKY gene family in
highland barley.

Conserved motif prediction of GATA proteins identified a total of 10 conserved motifs.
The number of motifs present in members of the gene family generally ranges from 1 to
7. Motif 1 is found in all GATA protein sequences, indicating its significance as a key
component in the evolutionary development of the GATA gene family in highland barley.
Notably, 12 genes possess Motif 2, while KAE§813272.1 and KAE8818452.1 contain Motif 9,
suggesting that these proteins may share similar functions. Conserved domain analysis
indicated that, except for KAE8790944.1 (which contains the GAT1 superfamily domain),
all other 22 members possess the ZnF_GATA domain. Furthermore, KAE8766495.1 also
includes CCT and TIFY domains, KAE8794567.1 contains the FHY3 superfamily domain,
and KAE8818592.1 features the QWRF superfamily domain (Figure 3). Visualization of the
gene structures of GATA genes using TBtools revealed that the number of exons ranges
from 1 to 8, with 4 members containing only one exon and 4 members lacking introns
(Figure S2E).
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Figure 3. Phylogenetic tree, conserved motifs, and conserved domains of GATA gene family in
highland barley.

Conserved motif prediction for HSF proteins in highland barley identified a total of
10 conserved motifs, with most members of the HSF gene family containing 2 to 7 motifs.
Motif 2 is present in all 28 HSF protein sequences, and Motif 1 is present in all 29 HSF
protein sequences. It is speculated that Motif 1 and Motif 2 are important components of
HSF transcription factors in highland barley seedlings. Motif 7 appears in 8 members, and
Motif5 appears in 26 members, suggesting that HSF proteins with similar motif structures
and functions are also similar among HSF members. Structural prediction of HSF proteins
encoded by members of the highland barley HSF gene family showed that 24 out of 34
HSF family members contain HSF domains, KAE8807601.1 contains the HSF1 superfamily
domain, and 9 members contain the HSF1 DNA-binding superfamily domain. In addition,
a small number of members contain other domains, such as KAE8812096.1 containing the
zf-C2H2-6 domain and KAE8792066.1 containing the ZapB domain. (Figure 4). In the
analysis of gene structure, it was found that among the 34 members of the HSF gene family
in highland barley, there are 1-8 exons, and 9 genes only contain 1 exon. Among them,
HSF4 contains a longer intron (Figure S2F).
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Figure 4. Phylogenetic tree, conserved motifs, and conserved domains of HSF gene family in
highland barley.

3.3. Analysis of Cis-Acting Elements in Gene Families of Transcription Factor Members

Cis-acting elements in promoters, as key binding sites for transcription factors, play a
pivotal role in regulating gene expression. In this study, the online PlantCARE tool was
used to analyze the 2000 bp upstream sequences of the start codons of genes from the six
transcription factor families (b HLH, MYB, NAC, GATA, WRKY, and HSF) in highland bar-
ley seedlings. The identified cis-acting elements were then visualized using TBtools, which
revealed 34, 41, 41, 30, 33, and 29 distinct elements in the bHLH, MYB, NAC, GATA, WRKY,
and HSF families, respectively. These cis-acting elements were classified into five functional
categories: light response, hormone response, plant development, stress response, and
other functions. Notably, light-responsive elements were the most abundant and widely
distributed across all six families, predominantly including canonical light-responsive
elements and their derivative variants. Furthermore, a substantial number of hormone-
responsive elements were detected in the promoter regions of these families, such as
auxin-responsive elements (AuxRE, TGA element), gibberellin-responsive elements (GARE
motif, P-box, TATC box), jasmonic acid-responsive elements (CGTCA motif, TGACG motif),
abscisic acid-responsive elements (ABRE), and salicylic acid-responsive elements (TCA
element). In addition to light and hormone-responsive elements, multiple stress-related cis-
acting elements were identified, including drought-responsive MYB-binding sites (MBS),
enhancer-like elements involved in anoxic-specific induction, low-temperature-responsive
elements (LTR), and TC-rich repeats associated with stress defense. Additionally, numerous
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cis-acting elements implicated in plant development were characterized, such as the seed
development regulatory RY element, endosperm-specific expression GCN4 motif, and
meristem-specific expression CAT box. MSA-like cell cycle regulatory elements were found
in the GATA, NAC, MYB, and WRKY families, while HD Zip elements associated with
palisade mesophyll cell differentiation were detected in the GATA, NAC, and MYB families.
Circadian rhythm regulatory elements were also identified across the families. Collectively,
these findings suggest that genes from the bHLH, MYB, NAC, GATA, WRKY, and HSF
families may play significant roles in mediating the response of highland barley seedlings
to environmental stresses, as well as regulating their growth and developmental processes.
(Figure S3A-F).

3.4. Phylogenetic Tree Analysis of Transcription Factors Members

To elucidate the evolutionary relationship among six families of proteins in highland
barley, we performed multiple sequence alignments with wheat proteins and constructed a
phylogenetic tree. The results indicated that the transcription factors of the bHLH, MYB,
NAC, WRKY, GATA, and HSF families are classified into 9, 8, 9, 5, 6, and 5 subfamilies,
respectively. Notably, the Clade I subfamily contains the largest number of members, with
26, 65, 64, 41, 12, and 13 members from the highland barley bHLH, MYB, NAC, WRKY,
GATA, and HSF families, respectively. Genes clustered within the same branch exhibit close
genetic relationships, and gene structures within the same subfamily show similarities. The
variation in the number of members across each family suggests that they share similar
evolutionary trends and may perform analogous biological functions (Figure S4A-F).

3.5. Gene Expression Patterns of Six Transcription Factor Members

To investigate the expression characteristics of six highland barley gene families un-
der different sodium selenite treatments, we utilized the transcriptome data previously
obtained by our research group. The FPKM normalization method (Table S7) was adopted
to quantitatively analyze the expression levels of significantly differential members in the
selected six gene families, and an expression heatmap was generated (Figure 5). Under T1
treatment, 56.25% of the genes in the bHLH family were significantly upregulated, whereas
approximately 81.25% of the genes were significantly upregulated under T2 treatment
(Figure 5A). In the MYB family, 76% of the genes were significantly upregulated under T1
treatment, while about 80% of the genes were significantly upregulated under T2 treatment
(Figure 5B). For the NAC family, 67.39% of the genes exhibited significant upregulation
under T1 treatment, whereas approximately 65.22% of the genes were significantly upregu-
lated under T2 treatment (Figure 5C). In the WRKY family, 47.37% of the genes showed
significant upregulation in their expression under T1 treatment, while about 63.16% of
the genes had significantly upregulated expression under T2 treatment (Figure 5D). In
the GATA family, 50% of the genes were significantly upregulated under T1 treatment,
and approximately 75% of the genes were significantly upregulated under T2 treatment
(Figure 5E). Finally, in the HSF family, 56.25% of the genes were significantly upregulated
under T1 treatment, whereas about 75% of the genes were significantly upregulated under
T2 treatment (Figure 5F).

Compared with the control group (CK), the expression levels of bHLH71, bHLH10, and
bHLH30 peaked under high-concentration treatment, showing significant upregulation by
20.64-fold, 5.29-fold, and 1.24-fold, respectively. Similarly, MYB96, MYB43, and MYB65 also
reached their highest expression levels under high-concentration treatment, with respective
increases of 1.70-fold, 3.87-fold, and 2.44-fold. For the NAC family, NAC128, NAC86, and
NAC107 exhibited peak expression under high-concentration treatment, showing signifi-
cant upregulation by 4.11-fold, 1.27-fold, and 29-fold, respectively. In addition, WRKY57,
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WRKY?72, and WRKY37 reached their expression maxima under high-concentration treat-
ment, with increases of 1.31-fold, 1.36-fold, and 0.36-fold, respectively. Likewise, GATA?,
GATA15, and GATA3 showed peak expression under high-concentration treatment, with
substantial upregulation of 2.94-fold, 1.75-fold, and 20.67-fold, respectively. Finally, HSF13,
HSF7, and HSFS attained their highest expression levels under high-concentration treat-
ment, with significant increases of 10.2-fold, 3-fold, and 1.87-fold, respectively. However,
selenium treatment inhibited the expression levels of certain members, including MYB213,
MYBI116, NAC113, NAC67, NAC49, WRKY8, WRKY33, WRKY27, WRKY53, GATA22, HSF10,
HSF6, and HSF9.
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Figure 5. Expression analysis of 6 family genes under different concentrations of Na;SeOs: (A) bHLH
family, (B) MYB family, (C) NAC family, (D) WRKY family, (E) GATA family, (F) HSF family. T1: 0.02
g/kg NaySeOs treatment; T2: 0.2 g/kg NaySeOj3 treatment.

3.6. qRT-PCR Validation of Transcription Factors of Highland Barley Seedlings Under
Na,SeO3 Treatment

In this study, we selected four differentially expressed transcription factor families
from each family for expression level validation (Figure 6). Using the EF-1a housekeeping
gene as an internal reference, we standardized the expression levels of target genes. Primer
sequences for each gene are listed in Table S8. The results indicated that the expression
levels of MYB43, MYB96, NAC86, WRKY72, WRKY35, GATA15, GATA5, HSF18, HSF2 and
HSF8 genes increased with higher concentrations of NaySeO; treatment. Conversely, the ex-
pression levels of MYB116 and NAC116 decreased with increasing NaySeO3; concentration.
bHLHS86, NAC14, WRKY75, WRKY63, GATA20, and HSF11 have the highest expression lev-
els at low selenium concentrations. The trends observed in the qRT-PCR results for 24 genes
were consistent with the transcriptome expression trends. These outcomes demonstrate
that the transcriptome expression data are reliable and accurate.
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qRT-PCR. CK: control; T1: 0.02 g/kg NaySeOj3 treatment; T2: 0.2 g/kg NaySeO3 treatment.

differentially expressed transcription factors across the treatment groups. Relative expression was
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4. Discussion

Transcription factors (TFs) are key regulatory factors that coordinate various biological
processes by activating or repressing the expression of target genes [58-62]. Currently, NAC,
MYB, WRKY, bHLH, and AP2/ERF are among the most widely studied transcription factors.
These transcription factors regulate the expression of target genes by binding to cis-acting
elements in promoter regions, and their significance in mediating plant responses to abiotic
and biotic stresses is well recognized [63,64]. With the continuous advancement of genomic
sequencing technologies, many researchers have systematically identified and analyzed
members of transcription factor gene families in various plants. To date, transcription
factor gene families have been extensively identified across diverse plant species; for
instance, 208 bHLH family members have been reported in Zea mays [65], and 602 bHLH
members have been identified in Brassica napus [66]. In Arabidopsis thaliana, 198 MYB
members have been identified [67], while 185 MYB members have been identified in Oryza
sativa [68]. Thirty GATA genes were identified in Arabidopsis thaliana [69] and twenty-eight
GATA genes in Brachypodium distachyon [70]. Additionally, different numbers of WRKY
members were identified in Solanum lycopersicum [71], Carica papaya [72], and cotton [73].
These gene families are widely involved in various signal transduction and metabolic
pathways. This study identified six transcription factor families in the seedlings of hulless
highland barley, including bHLH (89), MYB (218), NAC (141), WRKY (92), GATA (23), and
HSF (34). The differences in gene numbers compared to other species may be related to
varying degrees of gene amplification in different plants. Physicochemical property analysis
indicated that most proteins in these families are hydrophilic and primarily localized in
the nucleus—an organelle that stores substantial genetic information and serves as a key
site for DNA replication and transcription—consistent with previous findings in Brassica
napus [66]. Research indicates that most HSF family proteins are hydrophilic and exhibit
instability—for example, 17 HSF members in carnations are hydrophilic and have low
stability [74].

Structural analysis indicated that each family contains highly conserved motifs and do-
mains, such as the bHLH_SF superfamily domain of the bHLH family, the myb_SHAQKYF
domain of the MYB family, and the NAM domain of the NAC family. These conserved
structures are core components of their transcriptional regulatory functions, and the exon-
intron structures along with the conserved motifs are highly consistent within subgroups,
aligning with typical family characteristics. Changes in gene structure and their conserved
motifs reflect the evolutionary, differentiation, conservation, and functional divergence
characteristics of gene families [75]. Some genes exhibit variations in the number of motifs
among individual family members, such as the duplication of motifs in KAE§810044.1 and
KAES8798329.1, indicating their potential functional specialization. Cis-acting elements con-
tribute to the regulation of stress-responsive gene expression in organisms [76]. Genes from
the six transcription factor families have promoter regions rich in light-, hormone-, and
stress-responsive elements, and light-responsive elements are the most prevalent. Studies
have shown that the cis-acting elements involved in plant growth and development are part
of conserved DNA modules that participate in light responses [77]. In our study, phyloge-
netic analysis indicated that the bHLH, MYB, NAC, WRKY, GATA, and HSF transcription
factors can be categorized into 9, 8, 9, 5, 6, and 5 subfamilies, respectively, based on the
evolutionary tree constructed with wheat homologs. Clade I is the most abundant and
core subfamily across all six families. Clade I may represent the most conserved and core
branch of these six transcription factor families, preserved throughout the long evolutionary
history of highland barley, suggesting its potential role in the polyploidization of highland
barley. Polyploid plants exhibit richer biomass and stronger stress resistance compared to
diploid plants [78]. Therefore, members of these transcription factor families in highland
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barley may have greater advantages in promoting plant growth and development or coping
with environmental adversity.

To better understand the role of transcription factors, expression analysis was con-
ducted under different concentrations of NaySeO3 based on the preliminary data from our
research group. Studies on maize seedlings indicated that high selenium treatment sig-
nificantly upregulated genes such as WRKY to promote the detoxification of selenium
compounds [45]. Research on aloe vera demonstrated that after selenium treatment,
the heat stress transcription factors A-2b and TFIID were significantly upregulated at T1
(200 mg/L) and T2 (400 mg/L). The transcription levels of MYB, bHLH, GATA, and IBH1
family genes are higher at T2 than at T1, and selenium treatment can strongly induce the
transcription of heat shock proteins, HEX, HY5, and PosF21, particularly under T2 [79].
Integration of transcriptome data and selenium content indicated that 12 BpNAC genes
were related to the biosynthesis of selenium [80]. In our study, transcriptome data analysis
revealed differential expression patterns of the six transcription factor families under differ-
ent concentrations of sodium selenite treatment, with most genes significantly upregulated
under high selenium treatment. Genes such as bHLH71, MYB96, NAC128, WRKY57, GATA?,
and HSF13 reached peak expression levels under high concentrations of selenium treatment.
Notably, the expression level of bHLH71 increased significantly by 20.64 times compared to
the control group. High levels of selenium may induce chronic moderate toxicity in plants,
resulting in reduced biomass and inhibited growth [81]. Research on corn has shown that
ZmWRKY48 has been identified as a central regulatory factor for selenium metabolism
and detoxification [45]. In our research, the expression of certain genes including MYB213,
NAC113, WRKYS8, and GATA22, was suppressed under selenium treatment, indicating
that there may be a synergistic regulatory mechanism among transcription factor families
that balances gene expression to mitigate damage caused by excessive stress responses
in plants. Furthermore, the relative expression levels of genes under high concentration
treatment (T2, 0.2 g/kg) were significantly higher than those under low concentration
treatment (T1, 0.02 g/kg), demonstrating that highland barley’s response to selenium stress
is concentration-dependent, further confirming the concentration effect characteristic of
abiotic stress responses.

This study systematically reveals the molecular response characteristics of six tran-
scription factor families in highland barley under selenium stress, laying a solid theoretical
foundation and providing valuable genetic resources for future research. In the future,
techniques such as gene editing and multi-omics integrated analysis can be employed to
deeply dissect the regulatory mechanisms of core genes like bHLH71 and MYB43, exploring
their specific functions in selenium metabolism and antioxidant stress, which will offer
novel targets for the molecular breeding of stress-tolerant highland barley. Furthermore,
our findings not only fill the gap in studies on transcriptional regulation of selenium stress
responses in plateau crops and enrich the theoretical system of plant stress responses
but also promote the innovation of stress-tolerant germplasm resources for characteristic
plateau crops and the sustainable development of ecological agriculture, thus serving as a
reference model for stress response research on similar plateau crops.

5. Conclusions

This study characterized members of six transcription factor families (bHLH, MYB,
NAC, WRKY, GATA, and HSF) in highland barley seedlings using bioinformatics anal-
yses, clarifying their physicochemical properties, gene structures, conserved domains,
phylogenetic relationships, and cis-acting element characteristics. By integrating transcrip-
tome data, we further revealed the expression patterns of these transcription factors in
response to selenium stress. The results showed that most proteins from these six families
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are hydrophilic nuclear proteins, harboring conserved domains and multiple response
elements in their promoter regions. These structural traits lay the foundation for their
involvement in plant growth, development, and stress responses. Notably, the number
of upregulated genes in these six families was significantly higher under high selenium
concentration (T2) than under low selenium concentration (T1), indicating that highland
barley’s transcriptional response to selenium stress is concentration-dependent. Core genes
such as bHLH71, MYB43, and GATA3 may play key roles in selenium stress tolerance,
while the suppressed expression of genes including MYB116 and WRKY63 may participate
in balancing plant stress responses. Overall, highland barley’s transcriptional response to
selenium stress varies with selenium concentration, representing a comprehensive adaptive
strategy that activates stress resistance mechanisms while alleviating selenium toxicity.
This study is the first to systematically elucidate the molecular characteristics of these
six transcription factor families in highland barley and their responses to selenium stress,
providing a fundamental theoretical basis for a deeper understanding of the molecular
regulatory mechanisms underlying highland barley’s adaptation to selenium stress.
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WRKY. (E) GATA. (F) HSF; Figure S3 Analysis of cis-acting elements of highland barley transcription
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Abbreviations

The following abbreviations are used in this manuscript:

bHLH  Basic helix-loop-helix

MYB v-myb avian myeloblastosis viral oncogene homolog
NAC NAM, ATAF1/2 and CUC2

WRKY  WRKY DNA-binding protein

GATA  GATA-binding protein

HSF Heat stress transcription factor
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